Edmond Becquerel's process of making photochromatic images, which are the first colours photographs, is still poorly understood. In particular, the origin of the colours of these images gave rise to a long-lasting debate, starting from the publication of Becquerel in 1848 until the end of the XIX th century. This photographic process was replicated in the laboratory, and the colouration of the sensitized plates was studied by means of visible spectroscopy. A comprehensive description of the sensitization routes that were adapted from Becquerel's writing is given. The study of the exposition step allowed us to gain insights in the colouration mechanisms of the sensitized plates, and to compare between the two sensitization routes developed by Becquerel in terms of spectral sensitivity and colour faithfulness. The so-called "electrochemically sensitized" samples were found to be more sensitive and to reach a larger chromatic space than the "immersion-sensitized" ones. Finally, a reproducible way of creating coloured samples is suggested.
Introduction
Since the invention and the wide spread of photography during the first half of the XIX th century, physicians and photographs struggled with what was often referred to as "the great problem" of colour in photography [1] (all the translations are made by the authors). In 1848, Edmond Becquerel introduced the very first colour photographic process and coined the term "Photochromatic images" [2] , [3] . Basing himself on Seebeck [4] (and see [5] for translation and interpretation) and Herschel's [6] works on silver chloride, he decided "to obtain silver chloride by all means" [3] . To make a photochromatic image, a pinkish sensitized layer is produced onto a polished silver plate -similar to those used for the daguerreotypes -by immersing it in a copper chloride solution [3] or by an electrochemical route, using an hydrochloric acid solution [7] . The sensitized layer is then coloured by the exposition to light and, though there is a strong component of the initial colour of the sensitized plate, the result reminds the colour of the incident light : "a photographic imprint of the solar spectrum with colours that remind its own colours […] the prismatic red gives a red hue, the yellow a yellow hue, the green a green hue, the blue a blue hue and in some cases, the white a white hue, etc." [3] . The first photochromatic images he produced were reproductions of the solar spectrum, as figure 1 shows. He then produced contact prints and took pictures in a camera obscura [7] . If the photochromatic images are the first responses to the problem of colour in photography, the long duration of exposure and the inability to fix the colours kept the Becquerel process from spreading and being widely used [8] . Here, we study for the first time the optical properties of 2 the photochromatic images which dragged so much attention during the second part of the XIX th century by measuring samples produced in the laboratory. This study is also an opportunity to establish a protocol for the production of coloured samples that can be examined to investigate the origin of the colours of the photochromatic images.
Previously, the daguerreotypist Mark Kereun successfully replicated a process that was adapted from Edmond Becquerel by Abel Niépce de Saint-Victor [9] . The "heliochromies" he produced show distinct and recognizable colours [10] . Note that David Burder was also successful in replicating Niépce de Saint-Victor's process [11] . No visible spectroscopy analysis of these heliochromies have yet been reported. Nonetheless, the exposition of photolyzed pure silver chloride crystals and of thin Ag-AgCl films -the closest systems from the photochromatic images we found -to light have been studied. First Hilsch and Pohl [12] , then Brown and Wainfan [13] and lastly Moser et al. [14] studied the "discoloration" or "bleaching" of darkened, photolyzed silver chloride crystals, under the influence of visible radiations of varying wavelengths. The result is a lowering of the absorbance of the crystals at the exposition wavelength. Likewise, the exposition to visible radiations of thin Ag-AgCl films, studied by Ageev et al., manifests itself by a decrease of the absorbance at the exposition wavelength [15] .
First, the replication in the laboratory of two sensitization routes described by Becquerel and the optical properties of the sensitized plates are presented. As details and parameters in the preparation of the images can be critical, a comprehensive description of the process is given in the Material and methods section. Then the monitoring of the exposition step to light of visible wavelengths by means of UV-Visible spectroscopy in reflectance configuration is developed. Investigating the changes in the reflection properties of the plates allowed to better understand the colours that were produced, and to compare the spectral sensitivity and the colour faithfulness of both sensitization routes. Finally, the results are commented against Becquerel's writings. 
Material and methods
Crucial details for the process replication essential to reproduce and understand the making of the photochromatic images are described hereby. Further information can be found in the experimental section. 
Results
Optical properties of the sensitized plates. The average reflectance spectra of immersion and electrochemically sensitized samples are displayed in figure 3a . The increase of the reflectance at the long wavelength side of the spectrum and the peak located bellow 400 nm account for the pinkish hue of the sensitized plates. The average standard deviation of the reflectance on the [200 ; 800] nm range is 3.3 % for the immersion sensitized samples and 2.5 % for the electrochemically sensitized samples; this dispersion is mainly attributed to the variability in the heating step -distance between the heat gun and the plate -and to the 6 variability in the distance between the plates at the platinum grid in the case of the electrochemical sensitization. Spectra of samples obtained from silver platelets showing various initial surface states showed that the rugosity of the initial silver plate has no effect on the reflectance properties of the sensitized sample.
The calculated L*a*b* coordinates averages of the immersion-and the electrochemically During the exposition to light, the reflectance spectra undergo three major changes.
 A decrease and a shift toward longer wavelength of the local maximum in the violet region, initially located at 378 nm for the immersion samples (black arrow on figure   4a ) and at 397 nm for the electrochemical samples.
 An increase and a shift toward longer wavelength of the local minimum in the visible region, initially located at 500 nm (black arrow on figure 4b ). This is accompanied by the appearance of a second local minimum at a wavelength shorter than the exposition wavelength if the latter is shorter or equal to 500 nm (green arrow on figure 4b ). If the exposition wavelength is longer than 500 nm, the second local minimum of reflectance appears at a wavelength longer than the exposition wavelength.
 A decrease (figure 4b), followed by an increase (figure 4a), of the reflectance in the long wavelength side of the visible spectrum.
These changes can also be appreciated when looking at the consecutive changes of reflectance spectra plotted in figures 4c and d. Indeed, a dip located bellow 400 nm and a peak located around 500 nm appear in the reflectance change spectra, and their long wavelength tails decrease. Colours of the photochromatic images. When exposed to light of visible wavelengths, the optical properties of the sensitive layer of the photochromatic images evolve depending on the exposition wavelength. In particular, the shoulder in the reflectance change spectra that is observed for all the wavelengths that are longer or equal to 502 nm accounts for the resemblance of the resulting hue with the incident light. In the case of samples exposed to wavelengths shorter than 469 nm, the appearance of this shoulder is probably overlaid by the decrease of the reflectance local maximum initially located bellow 400 nm and the increase of the reflectance local minimum initially located at 500 nm. The evolution of the reflectance spectra during the exposition being characteristic of the wavelength, so is the evolution of the L*a*b* values. In that respect, the resulting colours are all unique and express the changes in the reflectance spectrum of the exposed sample.
Colour faithfulness. Table 1 During the second step of the exposition, the colours shift toward increasing b*, with a* remaining constant, for all the exposition wavelengths. This is the sign of overexposure.
Becquerel mentioned this phenomenon in his second memoir: "in general we can say that […] it is in the first moments of the action of the spectrum that the hues of the photochromatic image are the closest from these of the luminous spectrum" [7] . Figure 6a shows that the overexposure of immersion-sensitized samples brightens them; figure 6b show that overexposing electrochemically sensitized samples darkens them when the wavelength is lower than 500 nm and brightens them at 550 nm and 584 nm. Comparing figures 7a and b, we can also see that the electrochemically sensitized plates are more sensitive than the immersion-sensitized plates, especially in the blue-violet region of the visible spectra, except at 550 nm. This is apparently in contradiction with Becquerel, which states that the immersion-sensitized plates "are impressed [by the solar spectrum] more than ten times faster than any other kind of layers" [7] . Actually, Becquerel talks about the times required to get a colour that resembles that of the incident wavelength from sight, which is subjective and highly dependent on the preparation of the plate.
Colour rendering of the immersion and the electrochemical sensitization routes. Figures 6a   and b show that for every wavelength, the lightness L* is lower for electrochemically sensitized samples than for immersion-sensitized samples. This is in agreement with
Becquerel's notes, which state: "the way of operating we just described [electrochemically] offers the advantage of giving much more beautiful tints, although darker, than any other way" [7] . Markers on figures 6c and d show the a*b* coordinates of the samples that were exposed up to 10 kJ m -2 . The chroma C* -the norm of a vector in the (a*, b*) space -of immersion sensitized samples is usually higher than the C* of electrochemically sensitized samples. However, the colours spread on a wider (a*, b*) surface for electrochemically sensitized samples (d) than for immersion-sensitized samples (c). Table 2 shows the variances of the L*a*b* coordinates of theses samples, which are higher for electrochemically sensitized samples. This means that the latter can reach a wider chromatic space than immersion-sensitized samples. The colours of electrochemically sensitized samples then appear more by contrast versus the sensitized layer colour than that of immersion sensitized samples. This is consistent with what Becquerel wrote about the immersion-sensitized samples: "the hues are always somewhat grey" [7] compared to electrochemically sensitized samples. 
Conclusions
The 
Experimental
Preparation of the plates. The brass plates are silver-cladded polished with carbon black and England red by a silversmith (Orfèvrerie du Marais, 172-174 rue de Charonne -75011 Paris, no longer in business). The plates are re-used many times: the sensitized or coloured layer is dissolved in a saturated sodium thiosulfate solution, then the plate is polished using a ¼ µm diamond suspension on a velvet polishing cloth. Before the sensitization, the plates are degreased in 96% ethanol in an ultrasonic bath for 5 minutes and then rinsed with distilled water and carefully dried on nonabrasive and lint-free lens tissue.
The platinum grid used for the electrochemical sensitization is first degreased in 35 % HNO 3 for 2 minutes, heated with the heat gun set on 650 °C for 2 minutes and then carefully rinsed with distilled water.
Exposition to light. The samples were exposed to light produced by a xenon arc lamp (Newport, Series Q, 75W 60056-75X-Q15) equipped with an IR and a UV filter; the condenser lens was removed in order to have a large intense and homogeneous light spot. Interferential filters centred around various wavelengths were used to produce narrow bandwidth light spots: 402 ± 5 nm, 444 ± 5 nm, 473 ± 8 nm, 592 ± 3 nm, 550 ± 5 nm, 584 ± 5 nm, 633 ± 5 nm, 677 ± 6 nm. The samples were located around 20 cm away from the light source in order to have a 5 cm diameter light spot, and to be able to measure the sample during the exposition step in in situ UV-visible experimental setup. The lamp was put on a camera tripod during the monitoring of the exposition step ( figure 8 ). The samples were exposed during 20 to 30 hours and they were measured 10 to 15 times during the exposition. The sample is facing inside the spectrophotometer's integrating sphere during the measurement -that is carried out with the lid closed -and facing out to the light source during the exposition. This setup allowed us to reduce the transporting of these fragile samples and the acquisition of multiple spectra on the same area.
Assessing the radiant exposure. Prior to light exposition, the irradiance was measured around the sample position with a JETI specbos 1211 spectroradiometer. 20 cm away from the light source, the usual value is around [80 -100] W m -2 without any interferential filter and [0.8 -2.5] W m -2 with the interferential filters (see figure 3b for the transmittance spectra of the interferential filters).
The radiant exposure was calculated by multiplying the irradiance and the time of exposition;
in order to monitor the exposition step, the sample were exposed at radiant exposures up to 300 kJ m -2 , depending on the exposition wavelength. The inherent ambient light irradiance of the room has been measured and is two orders of magnitude less than the light source irradiance.
Spectroscopic measurements. The UV-Visible spectroscopic measurements were performed in the total reflectance mode on a CARY5000 spectrophotometer equipped with an integrating 
